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MATERIALS SCIENCE

Enhancing the phase stability of ceramics under
radiation via multilayer engineering

Hongliang Zhang'#, Jiangi Xi'*!, Ranran Su'!, Xuanxin Hu’, Jun Young Kim', Shuguang Wei',

Chenyu Zhang', Liqun Shi?, 1zabela Szlufarska'*

In metallic systems, increasing the density of interfaces has been shown to be a promising strategy for annealing
defects introduced during irradiation. The role of interfaces during irradiation of ceramics is more unclear because
of the complex defect energy landscape that exists in these materials. Here, we report the effects of interfaces on
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radiation-induced phase transformation and chemical composition changes in SiC-Ti3SiC,-TiC, multilayer materials
based on combined transmission electron microscopy (TEM) analysis and first-principles calculations. We found
that the undesirable phase transformation of Ti3SiC; is substantially enhanced near the SiC/Ti3SiC; interface, and it
is suppressed near the Ti3SiC,/TiC interface. The results have been explained by ab initio calculations of trends in
defect segregation to the above interfaces. Our finding suggests that the phase stability of Ti3SiC, under irradiation
can be improved by adding TiC,, and it demonstrates that, in ceramics, interfaces are not necessarily beneficial to

radiation resistance.

INTRODUCTION

Engineering materials with a high density of interfaces have been
shown to be a promising strategy for improving the properties of ma-
terials, such as mechanical strength (hardness, Young’s modulus)
(1), fracture toughness (2), wear resistance (3, 4), and oxidation resis-
tance (5, 6). Interfaces can also act as sinks for nonequilibrium de-
fects (7, 8). Under irradiation, numerous Frenkel pairs are generated
by the bombardment of incident neutrons or ions. These defects can
either recombine with each other or migrate to defect sinks, such as
interfaces (9-11). If interfaces can efficiently absorb defects, they can
be used to design new radiation-resistant materials.

The effects of interfaces have been studied in the context of nano-
crystalline materials, where the grain size is decreased to the nano-
meter regime. In nanocrystalline metals, a high density of grain
boundaries (GBs) has been shown to lead to a significant reduction
in the number of radiation-induced voids (12-14). Radiation effects
have also been studied in nanocrystalline ceramics, but the results are
more complicated. For example, some studies of nanocrystalline SiC
with a high density of GBs have shown a substantially enhanced re-
combination of interstitials and vacancies, leading to self-healing of
radiation-induced defects (15-17). Other studies on nanocrystalline
SiC showed the opposite results (18, 19). The seemingly contradict-
ing results in SiC have been explained in terms of the effects of other
microstructural features (e.g., stacking faults) on the energy barriers
to defect recombination (9, 10, 18, 19).

The effect of interfaces on radiation damage recovery/radiation
resistance has also been studied in multilayer systems. For example,
it has been shown that interfaces in Cu-Nb multilayers are nearly
completely void-free when the layer thickness was reduced to less
than 30 nm (14). The Cu-V multilayers were found to have enhanced
radiation tolerance, i.e., they showed a reduction of swelling and sup-
pression of radiation hardening as compared to monolithic Cu or V
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(20). Studies of radiation effects in multilayer systems have been fo-
cused on metallic systems, and similar studies of ceramic multilayers
have been limited.

Here, we investigate the radiation resistance of multilayers made
of MAX phases (M = early transition metal, A = group A element in
the periodic table, and X = C or N), SiC, and TiC. A previous study
on a similar material system considered Ti3SiC, with TiC precipi-
tates, and it was found that there was a defect-free zone at the inter-
face between Ti3SiC, and TiC (21). However, the authors focused on
the characterization of the radiation-induced dislocation loops and
lines rather than the interactions between interfaces and radiation-
induced point defects. Here, we study a SiC-Ti3SiC,-TiC multilayer
system and focus on the effects of interfaces on radiation-induced
damage and phase transformation and on the mechanisms of defect
annihilation by the interfaces.

SiC, TiC, Ti3SiC; are all promising materials for the application as
structural and coating materials in nuclear reactors. The MAX phases
have superior resistance to radiation-induced amorphization com-
pared to conventional ceramics (22, 23). Ti3SiC; is one of the MAX
phases that have been confirmed to have nearly the best radiation
tolerance to radiation-induced amorphization and cracks among
MAX phase materials (24). However, unlike traditional binary car-
bides (e.g., SiC and TiC), Ti3SiC; is relatively soft and has a low wear
resistance (25). To counteract this, El-Raghy and Barsoum (26) im-
proved the surface hardness of Ti3SiC, by adding TiC and SiC pre-
cipitates. There is also evidence indicating that a system containing
SiC/Ti3SiC, and Ti3SiC,/TiC interfaces will have improved surface
hardness and oxidation resistance. This has been shown on the example
of Ti3SiC, containing SiC and TiC precipitates (5, 27, 28). For these
reasons, Ti3SiC, with SiC and/or TiC materials are considered as poten-
tial coatings, oxygen gettering materials, inert matrices for advanced
high-temperature reactor fuels, and structural materials (29). More-
over, the synthesis of Ti;SiC, is complicated and usually accompa-
nied by some second phases of TiC and SiC. Therefore, the SiC/Ti3SiC,
and TiC/Ti3SiC; interfaces are very common in Ti3SiC,.

Although Ti3SiC, does not amorphize up to a very high radiation
dose, it has been shown to undergo radiation-induced phase trans-
formation, which can lead to deterioration of mechanical properties
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and microstructure stability. Phase transformation in these materials
has been argued to be driven by chemical compositional changes (30)
and/or by the formation and accumulation of defects (31, 32). As TiC
is naturally substoichiometric and C poor (i.e., has a large number of
C vacancies) (33), the existence of TiC can affect the defect behaviors
and chemical composition in Ti3SiC,, especially in the near-interface
regions. It is therefore an interesting question whether a large density
of interfaces (as present in the SiC-Ti3SiC,-TiC multilayer system)
can suppress the undesirable phase transformation. Here, the role of
interfaces in radiation resistance of the SiC-Ti3SiC,-TiC multilayer
system is investigated using a combination of experimental charac-
terizations and first-principles calculations.

RESULTS

The bright-field transmission electron microscope (TEM) was used
to analyze the unirradiated sample as well as the samples irradiated at
7.5 x 10' jons-cm™ [low dose, ~5 displacements per atom (dpa)],
1.5 x 10" ions-cm™* (medium dose, ~10 dpa), and 3.0 x 10" ions-cm 2
(high dose, ~20 dpa) (see fig. S1). In the low-dose irradiated sample,
the damage peak region contains a high density of black-spot defects,
whereas for the medium- and high-dose irradiations, the peak re-
gions become amorphous after irradiation. The amorphous regions
of the medium- and high-dose irradiated samples include parts of the
SiC-TisSiC, interface regions, making it difficult to analyze the
changes of the microstructure. Therefore, we chose the low-dose ir-
radiated sample for further analysis of the SiC/Ti3SiC, and TiC/Ti;SiC;,
interface regions. On the basis of the SRIM (Stopping and Range of
Tons in Matter) simulations, the dose in the SiC/Ti3SiC,/TiC inter-
face region of the low-dose irradiated sample is about 5 dpa. Figure 1
shows the high-resolution TEM image and the fast Fourier transform
(FFT) patterns of the unirradiated and low-dose irradiated samples
observed from the [1120] direction of the SiC substrate. There is a
single-crystal Ti3SiC, film with a thickness of about 30 nm between
the SiC substrate and the TiC film. After irradiation, part of the SiC
substrate in the near-interface region became substantially disor-
dered, whereas the deeper region of the SiC substrate retained its
crystalline structure. According to the results from SRIM calcula-
tions, the deeper region in the SiC substrate should have a higher dpa
damage. This finding indicates that the damage level in the SiC/

Fig. 1. High-resolution TEM images of the SiC-Ti3SiC,-TiC samples viewed from
the (1120) direction of SiC substrate. (A) Before irradiation and (B) after RT irradiation
at a low dose (7.5 % 10" ions:cm™, 5 dpa). The arrow in (B) shows the direction of
the incident ion beam. The FFT patterns in (A) show hcp structures of Ti3SiC, and
SiC. The FFTs in (B) show fcc structure (bottom right), nearly amorphous structure
(bottom left), and hcp structure (top).
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Ti3SiC, interface region is higher than that in the deeper region, de-
spite the fact that the interface region has experienced a lower radi-
ation dose.

The Ti3SiC; layer near the SiC/Ti3SiC, interface has undergone a
phase transformation from a hexagonal close-packed (hcp) TizSiC,
phase to a new phase after irradiation (see Fig. 1B). On the basis of a
combination of indexed FFT patterns and high-resolution TEM
from (1120) and (1010) directions of SiC substrate, we have con-
firmed that the new phase is a face-centered cubic (fcc) phase. We
also analyzed the SiC/Ti3SiC,/TiC interface regions of the medium-
dose (10 dpa) and high-dose (20 dpa) irradiated samples. As shown
in Fig. 2A, the SiC/Ti3SiC; interface region of the unirradiated sam-
ple showed a very uniform structure of hcp phase Ti3SiC,. After the
low-dose irradiation, part of the Ti3SiC; film (with a thickness of
~11 nm, about 37%) transformed from the hcp to fcc structure, and
some SiC in the near-interface region became amorphous (Fig. 2B).
As the dose increased to 10 dpa (medium dose), a larger part of the
Ti3SiC, film (with a thickness of ~19 nm, about 63%) transformed
from hcp to fec, and SiC became almost entirely amorphous (Fig. 2C).
When the irradiation dose became even larger (Fig. 2D), nearly all of
the Ti;3SiC, film (with a thickness of more than 25 nm, about 83%)
transformed from the hep to fec structure, with only ~5 nm of Ti3SiC,
close to the TiC layer remaining in the hcp structure. Under this irra-
diation dose, SiC became entirely amorphous. These results indicate
that interfaces play an important role in the radiation-induced
phase transformation of Ti3SiC, and that the SiC/Ti;SiC, interface
provides a lower resistance to such transformation than the Ti;SiC,/
TiC interface.

According to previously reported studies (34, 35), the fcc Ti3SiC,
forms in the hep Ti3SiC, most likely as a result of radiation damage.

] .4
i b ]
I TiySiC, !l Tic
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Fig. 2. High-resolution TEM images of the SiC/Ti3SiC2/TiC interface region from
the (1120) direction. (A) Unirradiated and (B to D) carbon irradiated SiC/Ti3SiC, multilayer
sample. Theradiation fluencesare (B) 7.5 x 10'®ionscm ™ (lowdose), (C) 1.5 x 10" ions-cm ™
(medium dose), and (D) 3.0 x 10" ions-cm™ (high dose). Dashed lines are added to
mark interfaces.
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Two possible mechanisms for this radiation-induced phase transfor-
mation have been proposed: (i) The formation of fcc phase is due to
the decomposition of Ti3SiC; into an fec-structured binary TiC,, in
which the process is accompanied by the out-diffusion of Si at-
oms (chemical compositional changes) (36, 37), or (ii) the fcc phase is
caused by the formation and accumulation of the antisite defects of
Ti and Si, followed by a reconstruction of the unit cell (35). Accord-
ing to these two mechanisms, the fcc phase could be either TiCy or
(Ti3Si)Cy, respectively. To determine the nature of the fcc phase,
aberration-corrected scanning transmission electron microscopy-
energy-dispersive x-ray spectroscopy (STEM-EDS) was used to check
the elemental composition in this region. On the basis of multiple
measurements taken in different regions of the interface between the
fee and hep Ti3SiC,, we calculated the average Ti, Si, and C concen-
trations as a function of the distance from the fcc-hcp interface. The
results are plotted in Fig. 3C. The results show that the fcc and hcp
regions have comparable chemical compositions, indicating that the
fcc phase is still a nearly stochiometric Ti3SiC,. More specifically, the
Si content in the fcc structure region [~18 atomic % (at %)] is slightly
higher than that in the hep structure region (~16 at %), and C content is
lower in the fcc structure (~30% in fcc versus ~33% in hep). Ti con-
tent is almost the same in the fcc structure and the hep region (~50 at %).
On the basis of the atomic percentages shown in Fig. 3C, the compo-
sitional analysis strongly suggests that the fcc phase that forms in our
experiments in Ti3SiC; is not driven by out-diffusion of Si and trans-
formation to TiC,, as proposed for bulk Ti;SiC; in (37). The second
mechanism of phase transformation proposed in the literature for
bulk Ti3SiC, (35), which is the formation and accumulation of Ti and
Si antisites, cannot be proven by the chemical analysis shown in
Fig. 3C, but at least it is not ruled out based on this analysis.

Next, we ask why the radiation-induced phase transformation in
Ti3SiC, occurs more readily near the SiC interface than near the TiC
interface. In general, there could be several possible reasons for a
radiation-induced phase transformation: the strain caused by lattice

at %

mismatch between layers, radiation-induced strain, and radiation-
induced changes in chemical composition. The lattice mismatch is
unlikely to drive the transformation. For unirradiated materials, the
lattice parameters (LPs) of 4H-SiC (space group P6smc) are a-LP =
3.074 A and c-LP = 10.128 A, the LPs of Ti;SiC, (space group P63/mmc)
area-LP = 3.073 A, c-LP = 17.756 A, and the LP of TiC (space group
Fm3m) is a-LP = 3.066 A. The a-LPs are comparable to each other
among the three systems, and even if the difference in a-LPs played a
role, this difference is smaller for the SiC/Ti3SiC, pair than for the
TiC/Ti5SiC, pair of materials. SiC and TisSiC; have ¢ axes aligned
because of the way that the films grew. The radiation-induced strain
is also unlikely to drive this phase transformation (a detailed explana-
tion is shown in the Supplementary Materials).

We hypothesize that phase transformation near the Ti;SiC; inter-
faces with SiC and TiC is strongly affected by the radiation-
induced changes in chemical compositions near these interfaces. To
analyze these changes, we have carried out aberration-corrected
STEM-EDS measurements on unirradiated and irradiated samples
in regions containing the SiC/T1;SiC, interface and the TiC/Ti3SiC,
interface as well as in bulk SiC and TiC regions (far away from the
interface). Figure 4 shows an example of the STEM images and EDS
spectra of the region near the SiC/Ti3SiC, interface before and after
low-dose irradiation at room temperature (RT). To ensure that the
results are reproducible, for each sample, five different locations
along the interface were scanned, and the reported results were aver-
aged over the five measurements. The EDS spectra show that, in the
unirradiated sample, the interface seems to have a width of about
2 nm, where there seems to be either some Ti in SiC or depleted C. After
irradiation, the RT low-dose irradiated sample has a higher Si atomic
% near the SiC/Ti3SiC, interface region and in the fcc-structured
Ti3SiC, region. The relative amount of Si in the fcc-structured region
increased from ~16 to ~18 at %, whereas Si in the interface region in-
creased from ~35 to ~40 at %. In the fcc-structured Ti3SiC, region,
the C atomic % decreases from ~33 to ~30 at % and Ti atomic % remains
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Fig. 3. STEM images and EDS spectra of the SiC substrates and Ti;SiC; films before and after irradiation. (A) STEM image of the RT low-dose C irradiated SiC/
Ti3SiCo/TiC interface region. (B) Magnified STEM image of the fcc/hcp TisSiC; interface. (€) Atomic percent of C, Si, and Ti determined from EDS as a function of distance
from the fcc/hep interface shown in (B). A vertical dashed line is added to mark the position of the interface. A horizontal dashed line corresponds to the C ratio in a

stoichiometric Ti3SiCo.
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Fig. 4. STEM images and EDS spectra of the SiC substrates and Ti3SiC; films before and after irradiation at RT, 7.5 x 10"®jons-cm™2. (A) STEM images of SiC/Ti3SiC,
interface region before irradiation and (B) after irradiation. Atomic percent of C, Si, and Ti determined from EDS as a function of distance from the fcc/hcp interface
(C) before irradiation and (D) after irradiation. A vertical dashed line is added to mark the position of the interface. The number on the horizontal axis corresponds to the
distance to the interface. The average concentration of Si in Ti3SiC; near the SiC interface has increased from ~16 to ~18 at %, and it decreased in SiC near the Ti3SiC; in-
terface from ~50 to ~48 at %. The average concentration of Ti and C did not change in an obvious way.

almost unchanged at ~51 at %. This is reasonable when considering
the redistribution of Si atoms under irradiation conditions, under
which Si atoms in the SiC substrate can be displaced from the sublat-
tice either into the interstitial sites or into the Ti3SiC, layer region,
which could increase the concentration of Si in these regions.

To explain the changes in compositions near the SiC/Ti;SiC; in-
terface, we have calculated defect formation energies at and near the
interface using the density functional theory (DFT) calculations. All
the calculated defect energies are given in the Supplementary Materi-
als, and here, we focus on the discussion on defects most relevant to
our experimental observations. As shown in Fig. 5A, in the case of
SiC, the formation energy of Si interstitials at the interface is much
lower than that in the bulk SiC region, suggesting that there is a ther-
modynamic driving force for Si interstitials to segregate to the inter-
face. The relatively low migration energy barriers of Si interstitials
near the interface <0.7 eV within three Si atoms from the interface,
the barrier in the bulk region is ~1.26 eV (8) make such radiation-
induced segregation of Si interstitials in SiC possible on experimental
time scales. This result is consistent with the increase of Si content at
the interface region found in our experiments (Fig. 4). At the same time,
our DFT calculations show (Fig. 5A) that as Si atoms become dis-
placed by radiation from SiC into Ti3SiC,, either they form intersti-
tials that move into the Silayer regions within Ti3SiC, and get trapped
in Ti3SiC, or they spontaneously transform into Sir; antisites via a
barrier-less reaction of Is; + Ti; < Ity + Sit;. Meanwhile, we found that
once Sit; is produced, it could be stabilized in Ti3SiC, due to the high

Zhang et al., Sci. Adv. 2021; 7 : eabg7678 25 June 2021

positive reaction energies for the consuming reactions (e.g., for Sir; <
Isi + Vi, ~2.93 €V and for Ic + Sit; <> Cry + I;, ~2.34 €V; see table
S3.1). Either way, the concentration of Si atoms within the Ti;SiC,
layer would be increased through the displacement of Si atoms from
SiC under irradiation. After Ti interstitials have been created through
the reaction of Is; + Tiy; <> I7j + Sit, they will immediately diffuse into
the SiC/TisSiC; interface or the Si layer regions within Ti;SiC, as
shown by arrows in Fig. 5A. This is reasonable when considering that
the Ti interstitial in the SiC/Ti3SiC, region is only stable right at the
SiC/Ti3SiC; interface or the Si layer on the TisSiC, side (see table
S1.5). Meanwhile, it is interesting to note that if there is a Si vacancy
in the Si layer within Ti3SiC,, Ti interstitials in the Si layer regions
will react with the vacancy in a barrierless process to form Ti antisites
(It + Vg <> Tigi). The capture radius for this reaction is larger than
the third nearest neighbor.

In addition to the Si interstitial, our calculations revealed that C
interstitials (Ic) would also be likely to segregate to the SiC/Ti3SiC,
interface, especially on the Ti3SiC; side, due to the lower formation
energies of I at interfaces than that in the bulk region and the rela-
tively low migration energies of I¢. (see Fig. 5B). Specifically, the barriers
for migration of I¢ in the bulk are ~0.88 eV for SiC (8) and ~0.86 eV
for Ti3SiC,, suggesting that C atoms would also segregate to the
interface.

We have also considered the changes in the chemical composition
near the T1351C,/TiC interface. Experimental analysis of this compo-
sition is shown in Fig. 6. Before irradiation, the interface is diffuse
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Fig. 6. Atomic percent of C, Si, and Ti determined from STEM-based EDS as a function of distance from the Ti;SiC,-TiC interface. (A) Before irradiation and (B) after
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to the interface. The blue and red circles represent the chemical compositions of Ti and Si in the interface regions, respectively. The average concentration of Si has in-
creased in TiC, near the Ti5SiC; interface from ~2 to ~5 at % after irradiation. The average concentration of Ti and C did not change in an obvious way.

with a thickness of ~5 nm. Ti concentration increases slowly from
~50 at % to ~60 at % between the Ti3SiC, side and the TiC, side,
whereas the Si concentration decreases from ~16 at % to ~0 at % over
the same distance. In addition, we find an obvious penetration of Si
from Ti3SiC, to TiC before irradiation. This observation can be
explained by considering the high concentration of carbon vacancies
(V) in the substochiometric TiC,. These vacancies make it possible
to form Sic antisites in TiC,. The reaction energy for the formation of
Sic (Isi + V¢ <> Sic) determined from our DFT calculations ranges
from —-2.47 eV to —4.14 eV on the TiC, side, suggesting that during
the growth of the films, there is a thermodynamic driving force to attract

Zhang et al., Sci. Adv. 2021; 7 : eabg7678 25 June 2021

Si species from Ti3SiC; to TiC, across the interface. In addition, simi-
larly to the barrierless reaction of Is; + Tir; <> It + Sij in Ti3SiC, near
the SiC/Ti3SiC; interface (see discussion of Fig. 5A), Si atoms that orig-
inated from Ti3SiC, can spontaneously form antisites Siy; near the
Ti3SiC,/TiC interface (around two atomic layers from the interface on
both the TiC and Ti3SiC; sides; see table S2.5). The Ti atoms displaced
through the above reaction are trapped at the Ti;SiC,/TiC interface,
and they increase the local Ti concentration.

After irradiation, the change in the composition across the TizSiCy/
TiC interface becomes sharper (the width of the interface is ~1 nm).
The change in the distribution of the elements in the interface region
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is highly relevant to the defect evolution during irradiation. Under
irradiation, Ti lattice atoms and the Si atoms that have been trapped
as antisites on the off-stoichiometric TiC, (x < 1) side near the inter-
face (~2 nm from the interface; see Fig. 6A) can be displaced to be-
come interstitials. Although C atoms can be kicked out as well during
irradiation, they are expected to quickly recombine with the excess C
vacancies that exist in the TiC, system. The displaced Si and Ti inter-
stitials are expected to form interstitial-V¢ complexes in TiCy. Specif-
ically, previously published DFT calculations (38) have reported that
the existence of V¢ can significantly reduce the formation energy of
Ti interstitials in TiC,, and have shown that Ti interstitials in TiC,
prefer to exist as a defect complex, involving two V¢ and one Ti
dumbbell interstitial. According to our DFT calculations, the forma-
tion energy for the aforementioned defect complex is ~4.44 eV,
which is much lower than the formation energy of the Ti interstitial,
~9.46 V. In addition, our DFT shows that the migration barrier for
this Ti defect complex in bulk TiC, is ~0.85 eV, which is consistent
with the previous DFT calculations performed by Sun et al. (38),
~0.93 eV. We found that this migration barrier for Ti defect complex
in TiCy is dramatically reduced to ~0.07 eV at the interface region
(approximately within a distance of three atomic layers from the in-
terface). This result suggests that Ti atoms will eventually migrate
from the TiC; side to the interface region, leading to a significant in-
crease in Ti concentration at the interface.

On the other hand, we found that Si atoms, which exist as Sic an-
tisites on the TiC, side, become trapped on the TiC, side of the Ti3SiCy/
TiC, interface. Specifically, our DFT calculations show that even in
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the region close to the interface (around two atomic layers from the
interface), the activation energy barrier for the Si atom to move from
the C sublattice site to the interface is ~1.41 eV, which means that Si
does not diffuse easily to the Ti3SiC,/TiCy interface. As a result, the
presence of this interface reduces the concentration of Si interstitials,
and hence also of Sit; in Ti3SiC, (in the presence of Si interstitials, Sit;
can form in Ti3SiC; through the reaction of Ig; + Tit; <> Itj + Sigy). As
discussed in (39), the formation of Sit; antisites is a possible reason for
radiation-induced phase transformation of Ti;SiC,. It is therefore likely
that suppression of the formation of Sir; antisite due to the presence
of the TiC,/Ti;SiC, interface is responsible for the suppression of
phase transformation in Ti3SiC, observed in our experiments.

We have also analyzed the chemical compositions in the regions
far away from the interfaces to determine if there are any changes in
the chemical composition in the bulk-like regions of SiC and TiC. The
results from STEM-EDS (Fig. 7) show that there is no obvious change in
the average composition before and after irradiation in these bulk
regions. The local variation in the composition became larger after
irradiation, which can be attributed to the spatial heterogeneity of
radiation-induced defects and defect clusters.

DISCUSSION

Our results show that the propensity for radiation-induced phase
transformation from the hcp to fcc phase of Ti3SiC, is higher near the
SiC/Ti3SiC, interface than near the TiC/Ti3SiC, interface. This trend
can be explained by the changes in the chemical composition in the
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Fig. 7. STEM-based EDS line-scan spectra with a scanned length of 15 nm of SiC and TiC far away from the interface before and after irradiation at RT, 7.5 x
10"¢ ions-cm™2. Unirradiated (A) SiC and (C) TiC far away from the interface, and irradiated (B) SiC and (D) TiC far away from the interface.
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interface region and in the phase-transformed region. The Si content
is higher near the SiC/Ti3SiC; interface and in the phase-transformed
fce-structured region after irradiation, as compared to the Si content
in the hep-structured Ti3SiC, region. This trend can be explained by
the results of our DFT calculations, which show that it is easier to
form Sit; antisite via the barrierless reaction of Ig; + Tit; <> Iti + SiTs,
in the region close to the SiC/Ti3SiC; interface. The formation of Sit;
antisite through this reaction in the region close to the TiC/Ti3SiC,
interface is more difficult due to the high concentration of C vacan-
cies in TiC. These C vacancies trap Si atoms at Sic antisites on the
TiC side of the interface.

Our results demonstrate that SiC can act as a source of defects,
while TiC, can act as a sink for defects in the SiC/Ti3SiC,/TiC, mul-
tilayer system. The multilayered ceramics made of Ti3SiC, and TiC
have the potential to improve the radiation resistance of Ti3SiC, ma-
terial with respect to the undesirable radiation-induced phase trans-
formation. In contrast, multilayers made of Ti3SiC, and SiC are likely
to accentuate this problem. Our study also shows that the role of in-
terfaces in the design of radiation resistance ceramics is complex, and
it is closely tied to the details of defect energy landscape.
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Fig. 8. SRIM calculated damage for 3.15MeV carbonion irradiation at 3.0 x 10"
ions.cm ™2 (high dose), 1.5 x 10" ions-cm ™2 (medium dose), and 7.5 x 10'®ions-cm 2
(low dose). The gray rectangle represents the single-crystal Ti;SiC; layer between the
single-crystal SiC substrate and the TiC film. PC, polycrystalline; NC, nanocrystalline;
SC, single crystal.
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MATERIALS AND METHODS

SiC-Ti3SiC,-TiC multilayer sample preparation

Ti3SiC, single-crystal films were deposited on 4H-SiC (0001) single-
crystal substrates by radio frequency (RF) magnetron sputtering us-
ing Ti (99.999% purity), Si (99.999% purity), and C,H, (99.99%
purity) as the source of Ti, Si, and C elements, followed by the depo-
sition of the single-crystal TiC films. The deposition temperature was
set to be 800°C by heating the substrate holder. Before the deposition,
the specimens were first degreased with a solution of sodium lauryl
sulfate and then ultrasonically cleaned with acetone. The samples
were then dried, mounted on a copper substrate holder of 120 mm in
diameter, and loaded into the magnetron sputtering chamber for
deposition. It is well known that there will always be a very thin oxida-
tion layer on the surface of SiC substrates. To remove the oxide layer,
a set of samples was pre-etched in the chamber before the deposition of
Ti3SiC,. First, the surface of the samples was bombarded with argon
ions for 10 min, accelerated by a DC voltage of ~200 V, immediately
followed by the deposition of the single-crystal Ti3SiC, film. The
thickness of the as-deposited single-crystal Ti3SiC, film is 30 nm, as
evidenced by TEM. TiC film was 700 nm. Another SiC film with a
thickness of 300 nm was deposited on the TiC film using Si (99.999%
purity) target and C,H, (99.99% purity) gas at the same temperature.
TEM analysis showed that the deposited SiC film was nanocrystalline
SiC. A polycrystalline TiC film with a thickness of 700 nm was depos-
ited on the nanocrystalline SiC film at 800°C. High-purity argon
(99.99% purity) was used as a sputtering gas at a pressure of 0.10 Pa.
RF power was the same for all the experiments and was kept constant
at 90 W. Before each deposition, the chamber was pumped to a back-
ground pressure of 1 x 10> Pa. The negative DC bias applied to the
substrate during the deposition process was set at —40 V. The total
thickness for the deposited film is 1.7 pm.

Carbon ion irradiation

The carbon ion irradiation was performed using the tandem acceler-
ator in the Ion Beam Laboratory at the University of Wisconsin-
Madison with 3.15 MeV carbon ions. The bulk samples were cut into
5 mm by 5 mm by 2 mm for the ion irradiation. The irradiation tem-
perature was kept below 150°C, measured by thermocouples within
the heated specimen stage. The typical irradiation flux was kept at
~7.0 x 10" ions-cm™s7* The irradiation fluence delivered to the
samples was 3.0 x 10" ions-cm ™ for the high dose, 1.5 x 10" jons-cm ™
for the medium dose, and 7.5 x 10'® ions-cm ™ for the low dose. The
total irradiation time is 10 hours for the high-dose irradiation.
The background pressure during irradiation was <5 x 10~* Pa.

Fig. 9. Atomistic models of the SiC/Ti3SiC, and TiC/Ti3SiC; interface. (A) SiC/Ti5SiC; interface. (B to F) Five possible configurations for the TiC/Ti3SiC; interface. The
dark blue spheres are the Si atoms, the light blue spheres are the Ti atoms, and the brown spheres are the C atoms. The red dashed lines are added to mark the positions

of the interfaces.
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We used the SRIM (40) software to determine the amount of radiation-
induced damage as a function of the distance from the SiC free sur-
face. Damage is measured in units of displacements per atom, which
describes the number of times that an atom in the target material is
displaced for a given fluence. According to Fig. 8, the damage peak
for 3.15 MeV C ions in SiC is located at 2.1 um below the surface.
The damage level is relatively flat within the first 1 pm below the sur-
face. The SiC-Ti3SiC,-TiC interface region we studied is located at
~1.7 um from the surface. The damage in this region is approximate-
ly 5, 10, and 20 dpa for the low-, medium-, and high-dose irradiation,
respectively.

TEM sample preparation

Samples for the TEM analysis were prepared using a standard lift-out
technique by an FEI Helios PFIB G4 focused ion beam (FIB)/
field-emission SEM instrument in the Materials Science Center at the
University of Wisconsin-Madison. To protect the sample surface
from damage during FIB preparation, a 3.0-um Pt protective layer
was deposited on the surface by two steps: (i) A 2 kV electron beam
(low energy) was used to deposit a 1.0-um Pt layer to avoid damage
from high-energy ion deposition, and (ii) a 12 kV ion beam was used
for the deposition of another 2.0 um Pt layer. The thinning process
was sped up by a high-energy ion beam (30 kV) at the beginning and
ended with a low-energy ion beam (2 kV) to carefully remove the
amorphous area generated in the former stage (41).

Experimental TEM and STEM EDS spectrum image

data acquisition

FEI Tecnai F30 with field-emission gun TEM was used to analyze the
damage and the microstructure before and after irradiation. Detailed
structural and chemical analysis of the SiC-Ti3SiC,-TiC film was car-
ried out using high-angle annular dark-field STEM (HAADF-STEM)
images and EDS in an FEI Titan G2 80-200 (S)TEM equipped with the
Super-X EDS detection system. The microscope was operated at an
acceleration voltage of 200 kV, with a probe current of approximate-
ly 300 pA and a probe convergence angle of 21 mrad. Simultaneous
HAADF and EDS acquisition were performed using the Bruker
Esprit software. All the interface and bulk line scans were obtained
with a step size of 0.3 nm, a dwell time of 20 s with a spot size of 6 to
get a stronger signal, and good statistics. The total scan length was 15 nm.
A drift-corrected spectrum was acquired over 100 frames, with a dwell
time of 50 us per pixel and an interval of 30 s between applications of
drift correction using the acquired HAADF image. Five different re-
gions for each interface and bulk regions were scanned in different loca-
tions to get average results. All five acquisitions used nearby areas of
the same sample and approximately the same electron dose. As the
counting rate of the EDS signals is also sensitive to the thickness of
the samples, the thickness of the samples was measured by electron
energy-loss spectroscopy. The results show that the thickness of all
the measured regions is around 50 nm.

Computational details

The DFT calculations were performed using the projector augmented-
wave (PAW) method (42) and the Perdew-Burke-Ernzerhof for solids
(43), as implemented in the Vienna Ab Initio Simulation Package
(VASP) (44). The PAW potentials for Ti, Si, and C contained 10, 4,
and 4 valence electrons, respectively. The interfacial configuration of
SiC/Ti3SiC, was built consistently with previously published ex-
perimental results (45) and is shown in Fig. 9A. The supercell of the

Zhang et al., Sci. Adv. 2021; 7 : eabg7678 25 June 2021

SiC/Ti5SiC; interface was modeled with a slab, in which 15 layers of
Ti3SiC,(0001) were stacked on the substrate of eight Si-C bilayers of
SiC(111). A 30 A-thick vacuum layer was added to avoid the inter-
action between the top and bottom free surface of the slab. In the case
of the TiC/Ti3SiC, interface, it has been commonly reported that the
formation of Ti3SiC; in the TiC matrix is achieved by the incorpora-
tion of the Si layer near twin boundaries of TiC (39, 46, 47). Following
this strategy, we considered five interfacial configurations with differ-
ent positions of the Si layer (see Fig. 9, B to F). Similarly to the model
of the SiC/Ti3SiC; interface, the TiC-Ti3SiC, interfaces were built with at
least 16 layers of Ti3SiC,(0001) on the substrate of at least 7 layers of
TiC(111) in each slab. A 30-A-thick vacuum layer was also added to avoid
the interaction between the top and bottom surface.

The relative stability of the interfaces can be determined based on
the interfacial energy y = (E1 - Y.; Niti)/A — Stic — S 1isic,. Here,
Er is the total energy of the supercell and N; and y; are the number of
atoms of type i (i = Ti, Si, and C) in the supercell and the corre-
sponding chemical potential, respectively. Stic and Srissic, are the
surface energies of TiC and Ti3SiC,, respectively. Because the five
different supercells have the same numbers of atoms of each type i
and the same surface areas, the relative interfacial energy of these in-
terfaces can be determined by comparing the total energies of the
supercells. On the basis our DFT calculations, we found that the con-
figuration where the Si layer is located in the interface (i.e., Fig. 9B)
has the lowest interfacial energy, and thus, in the following study, we
will mainly focus on this configuration.

Within the interface plane, each slab consists of 3 x 3 unit cells.
The total numbers of atoms in the SiC/Ti3SiC, and TiC/Ti3SiC, slabs
are 279 and 243, respectively. To form coherent interfaces, in-plane
lattice constants of Ti3SiC, (c/a = 5.772, a = 3.075 A) were expanded
by 0.68% and —0.26% to match those of the stiffer SiC (3.096 A) and
TiC (3.067 A), respectively. Because of the small lattice-constant mis-
match, as a first approximation, we neglected the effect of potential
misfit dislocations. All calculations were performed with the energy
cutoff of 520 eV for the plane-wave basis set. A 3 x 3 x 1 k-point mesh
was used for integrations over the Brillouin zone. Errors from both
the cutoff energy and the k-point convergence were smaller than
1 meV per atom. The supercells were fully relaxed (i.e., we relaxed
the atomic coordinates) until the forces on the ions converged to
below 1x1072 eV/A.

The formation energies of defects were calculated as follows

Ef(def) = ET(def) —-Er+ z nil;

where Er(def) is the total energy of a supercell with one defect, #; is the
number of atoms of type i removed from the system (7; > 0) to form va-
cancies, and ; is the chemical potential of atom i. In the multilayer sam-
ples, all these SiC, TiC, and Ti;SiC; crystals coexist, and in this case, the
chemical potentials of Si, C, and Ti were determined from the following
relations: Usic = Hs; + U Mric = i + Mo and prrissica = 3P + Wi + 2. We
have taken g = — 5.68 eV, uti = — 9.36 eV, and pc = — 9.39 eV, following
(11, 48). Last, the diffusion pathways and migration energy barriers for
defects were determined by the climbing-image nudged elastic
band (CI-NEB) method (49) (typically with five images).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabg7678/DC1
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